We study the mass spectra and radiative decays of doubly heavy baryons within the diquark picture in a relativized quark model. The mass of the J P = 1/2 + Ξ cc ground state is predicted to be 3606 MeV, which is consistent with the mass of Ξ ++ cc (3621) newly observed by the LHCb collaboration. The predicted mass gap between two S wave states, Ξ * cc (J P = 3/2 + ) and Ξ cc (J P = 1/2 + ), is 69 MeV. Furthermore, the radiative transitions of doubly heavy baryons are also estimated by using the realistic wave functions obtained from relativized quark model. The radiative decay widths of Ξ * ++ cc → Ξ ++ cc γ and Ξ * + cc → Ξ + cc γ are predicted to be about 7 and 4 keV, respectively. These predictions of doubly heavy baryons can provide helpful information for future experimental searches.
I. INTRODUCTION
The doubly heavy baryons, made up of two heavy quarks and one light quark, are particularly interesting because they provide a new platform for studying the heavy quark symmetry and chiral dynamics simultaneously [1] [2] [3] . To looking for the doubly heavy baryons, great efforts were made in the past two decades. In 2002, the SELEX collaboration reported some evidence of a doubly charmed baryon Ξ In theory, the mass spectra of the doubly heavy baryons have been predicted with various methods, such as the constituent quark model [12] [13] [14] [15] [16] [17] [18] [19] [20] , heavy quark symmetry and mass formulas [21] [22] [23] [24] , Regge behaviors [25, 26] , QCD sum rule [27] [28] [29] [30] [31] [32] , lattice QCD [33] [34] [35] and so on. For the lowest Ξ cc state with J P = 1/2 + , the theoretical predicted masses lie in a large range 3500 ∼ 3700 MeV, thus, both Ξ ++ cc (3621) and Ξ + cc (3519) can be candidates of the ground Ξ cc state with J P = 1/2 + . To clarify which one should be the lowest Ξ cc state, further investigations are needed. Besides the mass spectra, the weak decays of the doubly heavy baryons are also extensively discussed in the literature [36] [37] [38] [39] [40] [41] [42] [43] . However, the studies on the radiative decays are scarce, only several works * Electronic address: lvqifang@ihep.ac.cn † Electronic address: zhongxh@hunnu.edu.cn focusing on the ground doubly heavy baryons are found in the literature [44] [45] [46] [47] [48] [49] . A comprehensive review on the doubly heavy baryons can be found in Ref. [1] .
Lately, stimulated by the newly observed state Ξ ++ cc (3621) by the LHCb collaboration, several theoretical works were performed. Using the QCD sum rule, Chen et al. investigated the low-lying doubly charmed baryon spectra, which suggests the newly observed Ξ ++ cc (3621) may be the ground 1/2 + state [50] . The masses and wave functions of ground doubly charmed baryons were also restudied with the Cornell potential [51] . The radiative transitions between the ground doubly charmed baryons were investigated within the heavy baryon chiral perturbation theory [52] and constituent quark model with simple harmonic oscillator wave functions [53] . Furthermore, the magnetic moments, weak decays, and other related topics are also discussed in the literature [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] .
In this work, we use a relativized quark model to calculate the mass spectra of doubly heavy baryons. The relativized quark model, proposed by Godfrey, Capstick, and Isgur, has been extensively used to study the properties of the conventional hadrons and gives a unified description of the hadron spectra [64] [65] [66] [67] [68] [69] [70] [71] [72] . Therefore, it is suitable to deal with the doubly heavy baryons, where both heavy-heavy and heavy-light systems are included. Moreover, the relativistic effects are also involved in this model, which may be essential for the light quarks. In Ref. [72] , Capstick and Isgur adopted this relativized quark model to estimate various baryon spectra, however, they did not extend it to deal with the doubly heavy baryon spectra. Given the similarity between the heavy diquark and heavy antiquark, the doubly heavy baryons looks like heavy-light mesons in the diquark picture [13, 14, [73] [74] [75] [76] [77] [78] [79] [80] [81] . Within the diquark picture, we first calculate the masses and wave functions of the cc and bb diquarks. Then, the mass spectra of the doubly heavy baryons and the diquark-quark wave functions can be obtained by solving the Schrödinger-type equation between the diquark and quark. Finally, the total wave function of a doubly heavy baryon can be expressed as the diquark wave function multiplied by the diquark-quark wave function. It should be pointed out that when we treat the diquark-quark interactions, the diquark size effects to the potentials are also considered by introducing a form factor as that adopted in Ref. [14] . Our predicted mass for the ground doubly charmed baryon with J P = 1/2 + is 3606 MeV. It suggests that the newly observed Ξ ++ cc (3621) state may be assigned as the J P = 1/2 + ground state. Using the wave functions obtained from the relativized quark model, we further study the radiative transitions of doubly heavy baryons. In the calculations, we emplore an EM transition operator which is extracted in the non-relativistic constituent quark model and has been successfully applied to the study of the radiative decays of cc and bb systems [82, 83] and the heavy baryons [53, 84] . Due to the absence of hadronic transitions for the low-lying states [53] , these electromagnetic decays provide useful information of the internal structures. It is found that the partial decay widths for Ξ * ++ cc → Ξ ++ cc γ and Ξ * + cc → Ξ + cc γ are predicted to be about 7 and 4 keV, respectively, which is quite significant and helpful for future experimental searches. This paper is organized as follows. The relativized quark model is briefly introduced, and then the masses of the heavy diquarks and doubly heavy baryons are presented in Sec. II. The radiative decays of doubly heavy baryons are estimated in Sec. III. A short summary is given in the last section. The Hamiltonian between quark and antiquark in the relativized quark model can be expressed as
where theH con f i j includes the spin-independent linear confinement and Coulomb-like interaction, theH cont i j is the color contact term, theH ten i j is the color tensor interaction, andH so i j is the spin-orbit term. p and r stand for the relative momentum and coordinate between the quark and antiquark.H denotes an operator that has taken account of the relativistic effects according to the relativized procedure. The explicit forms of these interactions and the details of this relativization scheme can be found in Ref. [64, 72] . In the baryons, only the3 type diquarks in the color space exist, hence the relatioñ V(p, r) =Ṽ(p, r)/2 is employed. Since the original parameters of Ref. [72] can describe the low lying baryon spectra well, we use the same parameters to investigate the doubly heavy baryons. Moreover, for the two-body interaction constant, c = −253 MeV is adopted as the same in Refs. [64, 72] .
The structures of the doubly heavy baryons are illustrated in Fig. 1 , where the two heavy quarks are treated as a diquark with a size. Here, the ρ-mode excitaion corresponds to the internal excitation of the diquark, and the λ-mode excitation stands for the diquark-quark excitation. When the cc and bb diquarks locate in 1S wave, the spin-parities of the diquarks are J P = 0 + and J P = 1 + , named as the scalar diquarks and axial diquarks, respectively. Constrained by the symmetry, the scalar diquark cannot exist in the cc and bb systems. In the doubly heavy baryons, the first excited state comes from the diquark (ρ-mode excitation) rather than the light quark (λ-mode excitation), so we have to discuss the excited diquarks as well. Here, we only consider the 1 1 P 1 , 2 3 S 1 , and 1 3 D 1 diquarks in the low lying baryons. We use the Gaussian expansion method to solve the Hamiltonian (1) withṼ(p, r) potential [85] . The obtained masses of these diquarks are presented in Table. I. The form factors F(r) are introduced to reflect the diquark sizes. The F(r)/r can be obtained from the Fourier transforms of F(k 2 )/k 2 , and F(k 2 ) can be taken as [14] 
where the E d , M d , k, Ψ d are the energy, mass, total momentum, and wave function of the diquark, respectively. The form factors can be further approximated by the following expression [14] 
where the ξ and ζ are the real numbers. The relevant parameters are calculated by using the obtained diquark wave functions, and also listed in Table. I. With the diquarks listed in Table. I, one can calculate the masses of the doubly heavy baryons and the wave functions between diquarks and quarks. Then, the total wave function of the doubly heavy baryon can be expressed as the wave function of diquark (ρ mode) multiplied by the wave function of diquark-quark (λ mode). (r 1 + r 2 − 2r 3 ). Q and q stand for the heavy quark and light quark, respectively.
state, and more experimental data are needed to clarify its nature.
In the diquark picture, the {cc}q configuration is similar to a heavy-light mesoncq andbq, where the heavy diquark acts as a heavy antiquark with size. Experimentally, the spin splittings of the heavy-light mesons decrease when the heavy quark mass increases. In our calculation, the axial cc diquark mass lies between the masses of c and b quarks, hence the S -wave mass gap should satisfy the relation
Our predicted mass of Ξ * cc is 3675 MeV, and the mass gap between the two S -wave Ξ cc states is about 69 MeV. Although all the predictions in the Tab. II satisfy the above relation, the mass gaps from different models vary from 69 to 132 MeV. It should be pointed out that the nonrelativistic potential model gives rather small masses for the ground states [15] . These divergences may help to test different models in future experiments.
Furthermore, our predicted mass spectra of Ξ cc , Ω cc , Ξ bb , and Ω bb are given in Tab. III, and the Ξ cc spectra together with the experimental data are also shown in Fig. 2 . In this work, we adopt the notation (N d L d n q l q )J P to stand for the doubly heavy baryon states, where N d , L d , n q , and l q correspond to the quantum numbers of the diquark internal radial excitation, diquark internal orbital excitation, light quark radial excitation and light quark orbital excitation, respectively. For the (1S 1p)1/2 − and (1S 1p)3/2 − states, the additional total spin S T is introduced to distinguish the spin singlet and triplet. From Tab. III, we can see that the P-wave diquark excitations are the lowest excited states, while the 2S diqaurk, 1D diqaurk, and P-wave light quark excitations lie in the same energy region. It should be emphasized that for the doubly heavy baryons, the heavy diquark is more easily excited due to the its larger reduced mass, however, for the singly heavy baryons, the light diquark is more difficultly excited due to its small reduced mass, and the excitation mainly exists between the heavy quark and light diquark. 
III. RADIATIVE TRANSITIONS
Besides the mass spectra, the decay behaviors are also needed to search for these doubly heavy baryons in experiments. Due to the suppression of phase space of hadronic transitions, the radiative transitions should play essential roles in the decays of the low-lying doubly heavy baryons. To treat one-photon radiative decay of a hadron we apply an EM transition operator which has been successfully applied to study the radiative decays of cc and bb systems [82, 83] and Ω c baryons [84] . In this model, the quark-photon EM coupling at the tree level is adopted as
where ψ j stands for the jth quark field with coordinate r j and A µ is the photon field with three-momentum k. To match the wave functions obtained by the Schrödinger-type equation, we adopt the quark-photon EM couplings in a nonrelativistic form. In the initial-hadron-rest system, the approximate form can be written as [82, 83, [86] [87] [88] [89] [90] [91] h e j e j r j · ǫ − e j 2m j σ j · (ǫ ×k) e −ik·r j ,
where e j , m j , and σ j stand for the charge, consistent mass, Pauli spin vector for the jth quark, respectively. The ǫ is the polarization vector of the final photon.
One can obtain the standard helicity amplitude A of the radiative process [82, 83] 
Then, we can estimate the radiative transitions straightforward [82, 83] 
where J i is the total angular momentum of the initial baryons, and J f z and J f i are the components of the total angular momenta along the z axis of the initial and final baryons, respectively. In present calculation, the masses and wave functions of doubly heavy baryons are adopted from our theoretical predictions.
The radiative transitions between the J P = 3/2 + and 
respectively, which are roughly compatible with the quark model predictions [44] , simple harmonic oscillator [53] , the bag model [45, 46] , and chiral perturbation theory calculations [52] in magnitude. However, the partial width ratio
predicted by us shows special feature compared to other works [44-46, 52, 53] . More studies of the radiative decay processes Ξ * ++ cc 
and Ω * bb → Ω bb γ are sensitive to the masses of the initial and final states. In present work, we predict sizeable partial decay widths for these processes. These information should be helpful for searching for the missing J P = 3/2 + ground states in future experiments.
The radiative decays of the low-lying excited doubly heavy baryons are studied as well. Our results are listed in Tab. V. It is found that for the (1P1s) → (1S 1s)γ, (1D1s) → (1P1s)γ, and (2S 1s) → (1P1s)γ transitions, the partial radiative decay widths of doubly charmed baryons range from several ten to hundred eV, while the decays of doubly bottom baryons approximate vanish. It should be mentioned that the pionic or kaonic strong decays for (1P1s), (1D1s) and (2S 1s) containing diquark excitations are forbidden due to the orthogonality of the diquark wave functions. Hence, the (1P1s), (1D1s) and (2S 1s) doubly heavy baryons should be very narrow states, and their radiative transitions should play an important role in their decays. These radiative transitions may be useful for looking for the missing (1P1s), (1D1s) and (2S 1s) doubly charmed states. Furthermore, it is found that most of the transitions (1S 1p) → (1S 1s)γ have large partial decay widths, which can reach up to several hundred keV. However, the radiative decay rates of (1S 1p) → (1S 1s)γ may be seriously suppressed by the large decay widths of (1S 1p), because the decays of (1S 1p) are dominated by the strong decay modes. About the radiative transitions of the excited doubly heavy baryons, few discussions are found in the literature, thus, more studies are expected to be carried out in future. In this work, we study the mass spectra and radiative decays of doubly heavy baryons within the diquark picture in a relativized quark model. The diquark masses and wave functions are calculated from the relativized quark potential, and the doubly heavy baryon spectra are obtained by solving the Schrödinger-type equation between the diquark and quark. The effects of the diquark sizes are considered by introducing the form factors. Besides the ground doubly heavy baryons, the masses for the low-lying excited doubly charmed and bottom baryons are given. The theoretical mass of the ground state Ξ cc (J P = 1/2 + ), 3606 MeV, is consistent with the mass of the newly observed Ξ ++ cc (3621) by the LHCb collaboration. The predicted mass gap m(Ξ * cc ) − m(Ξ cc ) is about 69 MeV, which is waited to be tested in future experiments. Furthermore, using the realistic wave functions obtained from the relativized quark model and the quark-photon couplings, we evaluate the radiative transitions between these states. It is interesting to find that the (1P1s), (1D1s) and (2S 1s) doubly charmed baryons containing diquark excitations should be very narrow states with a width of several ten to hundred eV, the decays of these states should be dominated by the radiative transitions due to the absence of the strong decay modes. The radiative decay width of Ξ * ++ cc → Ξ ++ cc γ and Ξ * + cc → Ξ + cc γ are quite significant, which are up to about 7 and 4 keV, respectively. We hope these theoretical predictions of doubly heavy baryons should be helpful for future experimental exploration. 
